Introduction
Adolescent idiopathic scoliosis (AIS) is a multifactorial disorder with more questions than answers. In past years, research has mainly focused on 5 areas: genetic factors, neurological mechanism dysfunction, hormone/metabolic dysfunction, skeletal growth abnormalities, and biomechanical factors. As adolescents with any known functional or structural disorder in the somatosensory pathway are more susceptible to scoliosis during growth than healthy adolescents, it is possible that subclinical somatosensory impairment may be associated with AIS.
The aim of this chapter is to provide evidence that idiopathic scoliosis (IS) is likely related to neurological mechanism dysfunction. We recognize that no consistent neurological abnormalities have been identified in IS patients, but we nonetheless believe that curvature progression could result from specific neurological impairments. Consequently, we reviewed studies that assessed whether IS patients experience abnormal somatosensory processing. For instance, deficits in the structure and functioning of peripheral systems are of various natures in AIS. Lesions of the posterior column pathway have been implicated as a possible cause of scoliosis. In animal studies, scoliosis has been induced by damaging the posterior column pathway at the dorsal root and in the thoracic cord (Liszka, 1961; Pincott et al., 1984; Pincott & Taffs, 1982) . These observations led some researchers to investigate whether IS patients would respond differently than healthy control participants to a mechanical stimulus (Barrack et al., 1988; Byl et al., 1997; Olafsson et al., 2002; Wyatt et al., 1986) . No consensus has, however, been reached.
In recent years, several studies have reported sensorimotor impairments in IS patients. We believe that dysfunction of sensorimotor transformation mechanisms during growth results in IS or accelerates curvature progression as motor output could be inefficient, causing asymmetric axial muscle activation. This chapter reviews studies that investigated the potential implication of neurological mechanism dysfunction in IS patients.
Neurological abnormalities
Magnetic resonance imaging (MRI) and somatosensory evoked potentials (SEPs), 2 among various techniques, have been employed to verify whether scoliosis patients incur neurological abnormalities.
Cranio-cervical MRI
MRI discerns pathological and anatomical variations. These variations sometimes do not imply any visible clinical changes during standard patient examination besides the scoliosis. MRI of the spine and cranio-cervical region can detect aberrations, such as syringomyelia (Inoue et al., 2005; Inoue et al., 2003; Maiocco et al., 1997; Rajasekaran et al., 2010) , cerebellar tonsil ectopia (<5 mm) (Cheng et al., 2003; Chu et al., 2007; Inoue et al., 2005; Inoue et al., 2003; Sun et al., 2007) and Arnold Chiari type I malformation (Krieger et al., 2011; Rajasekaran et al., 2010) .
Considering that AIS patients are known to be taller than control subjects (Lam et al., 2011; Little et al., 2000) and curvature might be stretching the cord, tonsillar ectopia might be viewed as a consequence of scoliosis. Faster growth of the spine versus the spinal cord during childhood might also be a cause of tonsillar ectopia in some cases (Barson, 1970; Chu et al., 2006) . Thus, it would be reasonable to question if ectopia is the result of scoliosis rather than its cause. In Arnold Chiari type I malformation, however, it is acknowledged that suboccipital craniectomy reduces spinal curvature, supporting the above statement (Colombo & Motta, 2011; Krieger et al., 2011) .
A prospective study of 200 young Chinese adolescents (age: 10 to 20 years) by Cheng et al. (1999) involved 36 healthy participants, 135 AIS patients with Cobb's angle ranging from 10 to 45° and 29 AIS patients with Cobb's angle >45°. Tonsillar ectopia was detected in 7.3% of AIS patients. Remarkably, 27.6% of AIS patients with Cobb's angle >45° presented tonsillar ectopia. Furthermore, in this cohort, 3.7% of AIS patients had syringomyelia, and 17.2% had Cobb's angle >45°. None of the controls manifested syringomyelia. Tonsillar ectopia incidence in AIS patients was more frequent when syringomyelia was found (66.7% vs. 5.1%). Moreover, Cheng et al. (2003) demonstrated that 17.9% of AIS patients had tonsillar ectopia up to 5 mm below the basion-opisthion line, whereas control cerebellar tonsils were above it (mean=2.8 mm; range 0-10.5 mm).
In India, Rajasekaran et al. (2010) analyzed 177 young patients aged less than 21 years with scoliosis but not those with associated bone destruction, infectious causes, obvious spinal dysraphism or trauma. Patients were divided into 3 groups: congenital scoliosis patients (A), presumed infantile scoliosis, juvenile scoliosis or AIS (B), and other types of scoliosis, including neuromuscular scoliosis (C). MRI revealed intra-spinal abnormalities in group B. In this group, anomalies were observed in 14% of AIS, 27% of juvenile scoliosis, and 25% of infantile scoliosis patients. In group B, all patients with subtle sensorimotor impairments or aberrant abdominal reflexes had intra-spinal anomalies. The most common anomalies were syringomyelia associated with Arnold Chiari malformation and isolated syringomyelia. In addition, scoliosis occurred earlier (mean age=11.4 years) in patients with intra-spinal abnormalities compared to others (mean age=3.2 years). The incidence of abnormalities was also higher when Cobb's angle was greater. The best indicators of intra-spinal irregularities on MRI were: abnormal neurological findings, apical thoracic kyphosis, double curvature and early onset curvature. After excluding those with subtle neurological findings or atypical AIS curvature patterns (apical kyphosis), 4.2% of 71 AIS patients manifested abnormal MRI.
In Japan, Inoue et al. (2003) reported neurological anomalies detected by MRI in 13% of 71 AIS patients with a family history. Similarly, in preoperative MRI screening of 250 www.intechopen.com individuals, Inoue et al. (2005) found that 18% had neurological abnormalities, and scoliosis started earlier in these individuals. Neurological aberrations were noted in 18% of these 250 individuals after standard neurological examination. Among patients with abnormal neurological signs after standard neurological examination, 57% also had abnormal neurological MRI. These authors reported that the most predictable factors of neural axis malformation were sustained clonus (100% had malformation), asymmetrical superficial abdominal reflexes (71%), hyperreflexia (43%) and diminished sensation (13%).
In Europe, Hausmann et al. (2003) scanned 100 AIS patients before surgical correction. These patients did not feel pain or numbness, and their lower limb strength was normal. In addition, no abnormal neurological sign was observed after standard neurological examination. MRI revealed neurological anomalies in 3% of these patients.
In Turkey, however, Benli et al. (2002) found that preoperative MRI demonstrated neurological abnormalities in 7.1% of 84 AIS patients with absolute flexible thoracic curvatures (i.e., King-Moe type III).
In USA, Shen et al. (1996) reported 4% of abnormal MRI on preoperative screening among 72 AIS patients without any abnormal neurological results. Similarly, preoperative MRI screening of 140 neurologically normal AIS patients disclosed that 2.9% had neurological abnormalities (Winter et al., 1997) . Furthermore, Do et al. (2001) reported abnormal findings in 2.1% in AIS patients after preoperative MRI.
Overall, the frequency of abnormal neurological results based on MRI scans varied slightly between studies: from 3% to 18% of AIS patients tested. This range may have been due to the study population. It could also have been related to the absence or presence of subtle neurological deficits and whether the authors classified such cases as AIS. Clinicians might have failed to detect subtle neurological deficits and classified patients as AIS when it was in fact neurological scoliosis.
Also, the definition of neurological abnormalities on MRI is important. When the pathology starts with Arnold Chiari type I malformation, with tonsils 5 mm or more below the basionopisthion line, some will consider tonsillar ectopia <5 mm as normal and will not report it, whereas others will.
Globally, MRI findings from around the world give good external validity to these observations.
MRI and spinal cord length
Spinal cord length is not significantly different between AIS patients and controls (Chu et al., 2006) . However, segmental spinal column lengthening at the thoracic level in AIS patients with severe curvatures gives a significantly reduced cord to vertebral length ratio. There is also no correlation between this ratio and tonsillar ectopia.
MRI of the brain
Other variations might be observed on more precise scrutiny at the brain level. MRI voxelbased morphometry has revealed less attenuation of white matter in the genu of the corpus callosum and left internal capsule in left thoracic AIS girls than in their controls (Shi et al., www.intechopen.com 2009). These 2 structures are respectively responsible for interhemispheric communication and corticothalamic projectional fibers. Nevertheless, no difference has been discerned between right-sided thoracic AIS patients and control subjects. Geissele et al. (1991) reported asymmetry of the ventral pons in the area of the cortico-spinal tracts and an enlarged cisterna magna in AIS patients. Moreover, cortical thickness declined significantly with age in almost all cortical lobes except in the temporal lobe of normal subjects (Wang et al., 2012) . In contrast, cortical thickness in right thoracic AIS patients did not decrease with age. Furthermore, some significant differences were found between the controls and AIS patients regarding the thickness of areas related to motor and vestibular function.
MRI of the vestibular apparatus
Significant effort has been made recently to develop tools to investigate the 3-D shape of the vestibular apparatus in AIS patients and healthy controls. 3-D measurement of vestibular system morphology in 20 right thoracic AIS patients and 20 healthy girls demonstrated that AIS patients had a smaller distance between centers of the lateral and superior canals and the angle with vertex at the center of the posterior canal in the left side of the vestibular system but not in the right side (Shi et al., 2011) .
In addition, structural abnormality with communication between the lymphatic posterior and lateral semicircular canals with a frequency of 55% in 95 AIS patients was described, whereas it was only 15% in 445 participants who underwent MRI and computed tomography (Rousie et al., 1999) . This abnormality is associated with the following signs: the absence of rotatory vertigo but frequent instability, transport sickness on head tilt to the side of the anomaly, spatial disorientation in new environments, and nystagmus.
SEPs and AIS
SEPs are frequently measured during corrective surgery. Moreover, SEPs are quantified in patients to determine whether IS is related to central nervous system (CNS) dysfunction. Abnormal SEPs can result from dysfunction at the level of the peripheral nerve, plexus, spinal root, spinal cord, brainstem, thalamocortical projections, or primary somatosensory cortex. Although most studies detected abnormal SEPs in IS patients, some failed to do so. For example, Brinker et al. (1992) and Olafsson et al. (2002) did not find abnormal SEPs in their AIS patients. In contrast, Fernandez-Bermejo et al. (1993) observed asymmetrical latency at the lumbar level in 20 out of 52 AIS patients. Moreover, Machida et al. (1994) noted abnormal SEP latency in chickens with experimentally-induced scoliosis and AIS patients. In this study, AIS patients with a single curvature had longer N37 latency when the tibial nerve was stimulated ipsilateral to the concave rather than the convex side. Moreover, N37 latency was delayed on both sides in AIS patients with double curvature. It is noteworthy that these authors observed abnormal SEP latency in 97% of their AIS patients (Machida et al., 1994) .
A preoperative study revealed that only 3 out of 72 AIS patients (i.e., 4.2%) had abnormal SEPs on normal standard neurological examination (Shen et al., 1996) . Two of these patients had asymmetrical P37 latency despite normal MRI. Other AIS patients presented subcortical responses after left tibial nerve stimulation but no cortical responses, indicating dysfunction of the ascending sensory pathways at the thalamocortical or cortical level. However, MRI pointed to Arnold Chiari type I malformation in these patients. Hausmann et al. (2003) reported that 68% of 100 AIS patients with Cobb's angle ranging from 43° to 96° had abnormal SEPs before surgery, with 56% having body height corrected prolonged latency increased and 12% with pathological right and left differences.
Another study examined 147 AIS patients and 31 controls to determine whether the former have abnormal SEPs compared to the latter (Cheng et al., 1998) . None of the AIS patients and controls had clinically-detectable neurological deficits. In this study, the authors analyzed P37 and N45 latencies and inter-side latency differences. The results revealed that inter-side latency differences in AIS patients were 1.1 (±1.6) ms and 1.2 (±1.6) ms for P37 and N45, respectively. In contrast, in the controls, inter-side latency was only 0.2 (±0.3) ms for P37 and N45. Overall, these findings demonstrated that inter-side latency differences were significantly larger in scoliosis patients, indicating asymmetric conduction velocity of electrical signals in somatosensory pathways compared to the controls. Absolute latencies and inter-side differences in latencies were abnormal in 11.6% of AIS patients. Consequently, this observation suggests that AIS could be divided into 2 subgroups, one with disorders of the somatosensory pathways, and the other with normal somatosensory pathways. In a subsequent prospective study, Cheng et al. (1999) attempted to correlate clinical scoliosis severity with structural abnormalities on MRI and SEP-detected functional disorders in the hind brain and spinal cord. In this investigation, 135 AIS patients and 36 healthy subjects consented to MRI and SEP examination. Abnormal SEPs were observed in 24 (14.6%) AIS patients. Approximately 12% and 28% of AIS patients with moderate and severe spine curvature had abnormal SEPs. The higher prevalence of abnormal somatosensory function in patients with severe curvature was significant. The authors calculated a significant correlation between tonsillar ectopia and abnormal SEPs (r=0.672); most of the patients (i.e., 66.7%) with tonsillar ectopia had abnormal SEPs. In contrast, in 160 patients without tonsillar ectopia, only 10% had abnormal SEPs. None of the controls had tonsillar ectopia or abnormal SEPs. In a subsequent study, the same research group calculated the spinal cord length to vertebral column length ratio, evaluated the position of the cerebellar tonsils, and correlated these data with SEPs (Chu et al., 2006) . The results revealed that 43% of AIS patients (i.e., 6 of 14 patients) with Cobb's angle >40° and 14% of AIS patients (i.e., 2 of 14 patients) with Cobb's angle <40° had abnormal SEPs. Remarkably, there was no significant difference between cord to vertebral ratio and tonsillar level between patients with normal and abnormal SEPs. Finally, all controls had normal SEPs. In a parallel study, the same research group observed that 14.3% of 105 AIS patients with Cobb's angle ranging from 10° to 35° had abnormal SEPs . The novelty of this research was that it investigated if previously-reported balance control impairment in AIS patients was associated with scoliosis or abnormal somatosensory function. A significant difference in standing balance control was found between AIS patients with abnormal SEPs and the controls when relying on somatosensory input. Two years later, the same research group conducted another study in which SEPs were examined in 35 AIS patients with Cobb's angle <40°, 26 AIS patients with Cobb's angle >40°, and 36 controls. Overall, 23.0% of all AIS patients had abnormal SEPs; 9% and 42% had moderate and severe curvatures, respectively. Again, all controls had normal SEPs (Chu et al., 2008) . It seems evident that some AIS patients have abnormal SEPs.
This review found that approximately 14 to 68% of AIS patients had afferent conduction abnormalities, whereas Machida et al. (1994) noted that 97% of AIS patients had aberrant SEPs. Herman et al. (1985) reported that AIS patients exhibited perceptual impairments, sensorimotor adaptation deficits and motor learning and balance control shortfalls. According to them, these deficits are the signature of disorders at higher integrative levels of the CNS. Furthermore, ocular and balance stability impairments in AIS patients designate the brainstem as a common target as it mediates sensory information for both the postural and oculomotor systems.
Motor and balance control impairment
Transcranial magnetic stimulation explores motor responses as well as cortical inhibition and facilitation. A recent study showed no difference in motor responses to a single stimulation between AIS patients, congenital scoliosis patients and control individuals. It suggests that the motor circuit itself is not different. However, significant right/left asymmetry in cortical excitability was characterized by short-latency cortico-cortical inhibition and intra-cortical facilitation after paired pulse stimulation of the motor cortex (Domenech et al., 2010) , reflecting a relative decrease in intra-cortical inhibition circuits of the motor cortex. Such dysregulation with hemispheric asymmetry in motor activity modulation of spinal posture at the intra-cortical level could cause or enhance the scoliotic deformity. Furthermore, the fact that congenital scoliosis patients have the same response as the controls tends to reinforce the view that the response is not a consequence of the deformation.
Spinal reflexes have been investigated during surgery (Maguire et al., 1993) . Long-latency reflex activity has been observed in all AIS patients but not in non-AIS patients. The reflex, the result of polysynaptic spinal cord processing, might represent segmental disinhibition. It is unclear if this is the consequence of a segmental or supra-segmental abnormality, but the reflex is absent in normal subjects. Moreover, its absence in non-AIS patients confirms that it is not the result of the deformity itself.
AIS patients manifest greater balance instability than controls when sensory information is manipulated, and they have abnormal postural perception (Byl & Gray, 1993; Herman et al., 1985; Sahlstrand et al., 1978) . However, without sensory manipulation, some studies did not observe greater body sway in AIS patients compared to their controls (Byl & Gray, 1993; Herman et al., 1985) . Moreover, the assessment of balance control either with eyes open or closed showed larger Center of Pressure (CP) area and larger medio-lateral (ML) body sway in AIS patients with larger Cobb's angle (15°-25°) compared to AIS patients with smaller Cobb's angle (5°-14°) (Haumont et al., 2011) .
Other studies have observed larger body sway area and CP displacement in AIS patients compared to their controls (Beaulieu et al., 2009; Byl et al., 1997) . In the study by Beaulieu et al., AIS patients were divided into a pre-brace group (brace prescribed but not yet worn) and an observation group. This classification was adopted because more clinical criteria than Cobb's angle alone were considered (i.e., age, Risser sign, Cobb's angle, gibbosity and history of scoliosis in the immediate family). It turned out that pre-brace AIS patients had larger Cobb's angle than the observation group. The results revealed that pre-brace AIS patients had a smaller mean peak and larger mean distance than the controls (Beaulieu et al., 2009) . Larger body sway area and CP displacement were noted in the observation group compared to the controls. The results suggest that the observation group could represent an intermediate sensorimotor condition between the control and the pre-brace AIS groups. The severity of scoliosis in pre-brace girls might be related to an increase in sensorimotor integration disorder.
Recently, Lao et al. (2008) reported dynamic balance control impairment during gait. These authors recorded significant differences between the right and left limbs for peak vertical force and antero-posterior (AP) maximal propulsive ground reaction force in AIS patients with abnormal SEPs. Besides, the data were more significant for the right limb compared to the left limb. Right and left limb asymmetries were also found in AIS patients with abnormal SEPs for minimum hip joint moment and maximum knee and ankle joint moments. The novelty of these results was the finding of greater gait impairments in AIS patients with abnormal SEPs. Similarly, they demonstrated that AIS patients with abnormal SEPs have poorer static balance control when they have to rely on somatosensory inputs .
Is AIS related to sensorimotor integration impairment?
Lesions of the posterior column pathway have been suggested to be a possible contributing factor in scoliosis. In animal studies, scoliosis has been induced by damaging the posterior column pathway at the dorsal root and in the thoracic cord (Liszka, 1961; Pincott & Taffs, 1982) . This indicates that sensory problems could cause IS and it led some researchers to investigate whether IS patients would respond differently than age-matched controls to vibratory stimuli (Barrack et al., 1988; Byl et al., 1997; Olafsson et al., 2002; Wyatt et al., 1986) . These studies were not, however, in agreement. For example, Wyatt et al. (1986) and Barrack et al. (1988) found that AIS had a lower proprioceptive threshold (more sensitive) whereas McInnes et al. (1991) reported that AIS patients had a significantly higher vibratory threshold (less sensitive) than control subjects. It is noteworthy that the proprioceptive system threshold can be evaluated via responses to vibration stimulation; they do not determine the capability of the brain to transform sensory perception into appropriate motor responses.
Integration and responses in sensory deprivation of visual and proprioceptive information
One way to assess the ability of the brain to transform available sensory inputs into appropriate motor commands is to manipulate sensory information and quantify its effect on balance control. Indeed, sensory deprivation in AIS patients exacerbates body sway oscillations (Sahlstrand et al., 1978; Simoneau et al., 2006a; Simoneau et al., 2006b) . These studies clearly demonstrate sensorimotor integration impairments in AIS.
Sensory deprivation and balance control in AIS patients
More than 3 decades ago, Sahlstrand et al. (1978) explored the effect of removed vision and/or attenuated plantar sole mechanoreceptor information (i.e., participants stood on a compliant support base) on balance control in AIS patients. Their study revealed that attenuating sensory information originating from mechanoreceptors of the soles and/or occluding visual information increased the sway area of AIS patients to a greater extent than that of the controls. One limitation of this study is that standing on a compliant surface may affect balance stability itself (unstable support base). Therefore, standing on an unstable surface may exacerbate AIS patients' balance control problem.
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To assess balance control, researchers usually quantify the kinematics of the CP as it depicts overall CP behaviour (e.g., total sway area, CP range, CP root mean square (RMS) velocity, etc.). This type of analysis, however, does not evaluate balance control commands. Consequently, Baratto et al. (2002) proposed a new approach to analyze the causes of overall CP behaviour. For instance, sway density curve analysis permits to determine whether body sway kinematics result from greater or more variable balance control commands.
A study in our laboratory (Simoneau et al., 2006b ) expanded on the work of Sahlstrand et al. (1978) by deploying a different technique to manipulate lower limb proprioception: we applied tendon vibration to mask ankle proprioception. Furthermore, we assessed the underlying cause of greater body sway oscillations in AIS by quantifying the sway density curve. Eight scoliosis patients (7 females and 1 male; mean age: 16.4 years, Cobb's angle: 45.6°±7.5°) and 10 healthy young girls (average age 16.5 years) were tested. In this experiment, the study subjects stood barefoot on the force platform with their feet 10 cm apart and arms alongside their body. They maintained an upright standing posture while fixating on a small target in their central vision. They were subjected to 4 different experimental conditions. Three sensory deprivation conditions were created by manipulating sensory information: 1. no vision, 2. perturbed proprioception/vision and 3. perturbed proprioception/no vision. No sensory manipulation was the control condition.
By controlling the availability of sensory information and quantifying the outcome, i.e., CP range and CP RMS velocity, we could objectively ascertain the role of visual information and/or ankle proprioception on balance control. Overall, the results revealed that the CP range and CP RMS velocity of AIS patients were larger than those of the controls when ankle proprioception was attenuated. This was seen whether vision was available or not. An important observation, it suggests that despite the availability of vision, AIS patients rely much more on ankle proprioception to scale the amplitude of their balance control commands than control participants. It could be hypothesized that CP kinematics (greater CP range and CP RMS velocity) and greater balance control commands in AIS patients, compared to control participants, result from difficulty in reweighting gains of the vestibular system and the remaining sensory inputs after ankle proprioception alteration whether vision is available or not. Furthermore, sway density curve analysis demonstrated that these observations could be explained by amplitude rather than balance control command variation.
Overall, our interpretation of the results is that IS interferes with the neural mechanism that weighs the remaining sensory inputs. Such a mechanism is necessary to map these inputs into appropriate balance control commands. The remaining sensory information should come from the soles of the feet, the joints above the ankles, and the vestibular apparatus. Finally, we concluded that, compared to the controls, AIS patients rely much more on ankle proprioception to control the amplitude of balance control commands.
Sensory reweighting and balance control in AIS patients
A key finding of human balance control is that the integration of sensory information appears to be dynamically regulated to adapt to changing environmental conditions and the availability of sensory information; this process is called sensory reweighting. In another study conducted in our laboratory, we assessed the ability of AIS patients to perform sensory reweighting (Simoneau et al., 2006a) . The framework to determine the ability of the brain to reweigh sensory information consists of monitoring balance stability during transient sensory perturbation, for example, when vision is removed and then becomes available again. In this circumstance, a decrease in balance stability (e.g., a sudden increase in body sway) could result from difficulties in dynamically reweighting sensory information when it is made available after a period of deprivation.
In this experiment, 8 scoliosis patients (7 females and 1 male; mean age: 16.3±2.3 years, Cobb's angle: 45.6°±7.5°) and 9 healthy adolescent girls (average age 16.5 ±1.7 years) were tested.
Participants stood barefoot on a force platform with their feet 10 cm apart and their arms alongside their body. They maintained an upright posture while fixating on a small target in central vision. All subjects performed 6 trials in each experimental condition. Each trial lasted 30 s and was divided into 2 epochs of 15 s. During the first interval, sensory information (vision and/or proprioception) was occluded (vision) or masked (ankle proprioception, tendon vibration applied at the ankles). In the second epoch, sensory information (vision and/or ankle proprioception) was returned; participants opened their eyes and/or tendon vibrations were stopped. This procedure aimed to assess the immediate effect of change in the availability of sensory inputs on balance control. The different sensory transition conditions were: 1. reintegration of vision under normal proprioception (RV-P), i.e., no vision/proprioception to vision/proprioception, 2. reintegration of proprioception under vision (RP-V), i.e., perturbed proprioception/vision (PP-V) to RP-V, and 3. reintegration of proprioception without vision (RP-NV), i.e., perturbed proprioception/no vision (PP-NV) to RP-NV. The ability of participants to control their balance was also evaluated in trials without any sensory manipulation for 30 s (control condition). The experimental conditions were randomized within the experimental session and across participants.
ML and AP velocities of the CP were calculated according to the finite difference technique. To characterize balance control, we computed CP RMS velocity along the ML and AP axes. This parameter measures the variability of CP velocity. To study the mechanisms causing more variable CP velocity during sensory transition, we analyzed the sway density curve (Baratto et al., (2002) . Peaks of the sway density curve correspond to time instants in which the CP and presumably associated balance motor commands are relatively stable. Mean peak represents the time spent by CP inside the 3-mm radius circle centered at the time of peak on the sway density curve. Consequently, peak amplitude estimates the variability of balance control commands.
In the control condition, for both axes, compared to the controls, AIS patients showed greater CP RMS velocity and it was larger for the AP than for the ML axis. Sway density curve analysis revealed that in the absence of sensory manipulation, AIS patients' balance control commands were greater and more variable than those of the controls for mean distance and mean peak.
Balance stability analysis after the reintegration of vision showed that AIS patients had greater CP RMS velocity than the controls along both axes (Fig. 1, upper panel) . Analysis of the sway density curve and time spent within the zones of stability (Fig. 1, lower panel) revealed that the balance control commands of AIS patients were much more variable than those of the controls as they spent less time within the 3-mm radius circle (lower mean peaks). Balance stability analysis after reintegration of proprioception when vision was available revealed that CP RMS velocity increased in AIS patients but not in the controls (Fig. 2, upper panel: PP-V 10-15 to RP-V 0-5 ). Across time (RP-V 0-5 versus RP-V 10-15 ), however, AIS patients improved their balance as CP RMS velocity decreased. Sway density curve analysis indicated that balance motor commands in AIS patients were much more variable than in the controls: their mean peak increased slightly across time; therefore, the CP of AIS patients did not spend much time within the stability area compared to the controls (Fig. 2, lower  panel) .
www.intechopen.com A significant group difference was also demonstrated when participants had to reintegrate ankle proprioception in the absence of vision. For instance, balance stability analysis after the reintegration of proprioception without vision indicated that AIS patients' CP RMS velocity was larger than that of the controls and differed across time (Fig. 3, upper panel) . Moreover, the sway density curve (Fig. 3, lower panel) disclosed that balance control commands in AIS patients were more variable than in the controls during the first 5 s of the sensory reintegration interval (RP-NV 0-5 ) as their mean peak did not increase from PP-NV 10- The originality of our results is that AIS patients showed greater CP RMS velocity after the reintegration of proprioception information from muscles acting at the ankle joint. This was observed whether or not vision was available. In contrast, the controls were able to maintain or rapidly reduce their CP RMS velocity when proprioceptive information from the lower leg muscles returned to normal. Furthermore, in the absence of vision, AIS patients exhibited increased CP RMS velocity after the reintegration of ankle proprioception. The increase in CP RMS velocity observed in the context of sensory transition (i.e., sensory information returned to normal; no tendon vibration and/or eyes open) indicates that the central sensory reweighing mechanisms are less effective in AIS patients. Moreover, the greater CP RMS velocity noted during sensory reintegration suggests that AIS patients' balance control commands were inappropriate. Analysis of their sway density plots www.intechopen.com confirmed that AIS patients had greater mean peak (balance control command variability) and mean distance (balance control command amplitude). This could result from improper transformation of sensory orientation cues into corrective balance control commands.
The vestibular system
Although the etiopathology of scoliosis is not well understood (Jensen & Wilson, 1979; Manzoni & Miele, 2002) , we believe that impaired responses of the vestibulo-spinal tracts could contribute to spine curvature and its progression. This hypothesis derives from clinical and animal studies which demonstrated that stimulation of vestibular nuclei (vestibulo-spinal tract) activated the back muscles (Ali et al., 2003; Ardic et al., 2000; Britton et al., 1993; Schwartz-Giblin et al., 1984a; Schwartz-Giblin et al., 1984b; Siegel & Tomaszewski, 1983) . In addition, oculo-motor and postural vestibular deficits have been reported to range from 50 to 85% in AIS, whereas these deficits represent 12 and 17% in the controls (Manzoni & Miele, 2002) . It has been shown that some AIS patients have a lower gain of vestibulo-ocular reflexes (VOR) and a larger phase lead compared to age-matched controls. Moreover, AIS patients have a reduced duration of post-rotatory vestibular and optokinetic nystagmus as well as self-motion perception, with a significant relationship between the time constant of vestibular-elicited nystagmus and magnitude of the curvature; the shorter the time constant, the larger the curvature (Manzoni & Miele, 2002) . Moreover, these authors have reported that AIS patients with abnormal VOR showed a more progressive curve during growth. Finally, weaker predominance of the right vestibular apparatus is sometimes reported in AIS patients (Manzoni & Miele, 2002) .
Various procedures -calorimetric test, vestibular-evoked myogenic potential (VEMP), vestibular chair and galvanic vestibular stimulation (GVS) -can evaluate vestibular system integrity (Schubert & Minor, 2004) . The calorimetric test is a gold standard for the identification of peripheral unilateral vestibular hypofunction by simply introducing warm or cold water in the external auditory canal. Unfortunately, this technique only stimulates the lateral semicircular canal and to a lesser extent than a physiological stimulus (Schubert & Minor, 2004) . In contrast, VEMP stimulates only the otoliths and detects unilateral hypofunction with clicking sounds and by recording associated sternocleidomastoid muscle myogenic potentials (Schubert & Minor, 2004) . The vestibular chair provides a physiological stimulus by rotating the seated patient around a vertical axis through the vertex. It explores both sides of the semicircular canals, VOR and vestibular integration (Blouin et al., 1997; Schubert & Minor, 2004) . On the other hand, GVS is a procedure that can explore the semicircular canals and otoliths (Cathers et al., 2005) . GVS generates ML body sway responses (Day et al., 1997; Fitzpatrick & Day, 2004) and AP body sway responses (Scinicariello et al., 2002; Severac Cauquil et al., 1998) . It can create eye movements when high stimulation is delivered (Aw et al., 2006; Kim et al., 2006) . GVS is an attractive tool because it probes vestibular function and reveals balance control system operation in response to pure vestibular perturbation, at least immediately after GVS onset. The direction of body sway responses after GVS varies with head orientation (Fitzpatrick & Day, 2004) . Moreover, electrode positioning also influences the direction of the postural response. Different GVS configurations exist. For example, during bilateral bipolar stimulation, the most common configuration, an anodal electrode is located on the mastoid process behind one ear with the cathodal electrode behind the other ear. On the other hand, during bilateral monopolar GVS, both electrodes have the same polarity, and a reference electrode is located www.intechopen.com on the forehead, for example. Because GVS produces a signal of head movement, the direction of the postural response depends upon head orientation, During monopolar GVS, body sway will be along the AP axis whereas it will be along the ML axis during bilateral bipolar stimulation (Fitzpatrick & Day, 2004) .
Cognitive exploration and the vestibular chair
Although various studies have proven that some AIS patients have abnormal VOR (Manzoni & Miele, 2002) , little attention has been devoted to assessing the capacity of AIS patients to integrate vestibular information for cognitive processing of space perception. Consequently, we investigated the ability of AIS patients to process vestibular information for space updating . In this experiment, seated AIS patients and controls experienced torso rotations of different directions and amplitudes in the dark and produced saccades that would reproduce their perceived spatial characteristic of the rotations (vestibular condition). Furthermore, we controlled for possible alteration of the oculomotor and vestibular systems by measuring subject accuracy in performing saccades toward memorized peripheral targets in the absence of body rotation and gain of their vestibulo-ocular reflex. Ten IS patients (9 females, mean age: 17.4 years, Cobb's angle: 28-51) and 13 age-matched healthy individuals (11 females, mean age: 16.4 years) were tested. The participants sat on a chair in a completely dark room and were able to rotate around its central vertical axis, located in the center of a black cylinder with a radius of 1.5 m. The pseudo-randomly selected magnitudes of whole-body rotation were 10°, 20° or 30°. Wholebody rotation was clockwise for half of the trials and counter-clockwise for the other half. Horizontal eye movements were recorded by electro-oculography.
The experimental session consisted of a main experimental condition that tested the ability of participants to process vestibular inputs (i.e., cognitive vestibular condition) and 2 control conditions, one that examined the subjects' capacity to produce accurate saccadic eye movements (i.e., visual condition) and the other that controlled for possible alteration of the vestibular system (i.e., vestibulo-ocular reflex condition). The participants were passively rotated in the cognitive vestibular condition. Eye movements were attenuated during body rotations by asking them to look at a chair-fixed diode positioned straight ahead. After rotation, they produced a saccade to shift their gaze to their initial position (Fig. 4 : "vestibular memory-contingent saccade" paradigm (Bloomberg et al., 1988) ). Saccade amplitude (i.e., perceived body rotation amplitude) was measured at the end of the first saccade (defined as the first instant that eye velocity dropped below 5°/s after saccade onset). Therefore, participants had to process and memorize the vestibular signals generated during whole-body rotation to produce a saccade of equal magnitude but in the opposite direction of the rotations.
Cognitive vestibular gain analysis (Fig. 5) showed that both groups underestimated whole-body rotation, as demonstrated by their average ratios which were inferior to 1. Nonetheless, AIS patients underestimated the magnitude of whole-body rotation to a greater extent than control participants (mean of 0.65 and 0.82 for the AIS and control groups, respectively; main Group effect: F 1,20 =5.57, p<0.05). For both groups, the directions of chair rotation and their amplitude had no effect on cognitive vestibular gains. Saccades in the absence of whole-body rotation were accurate, with no significant difference in amplitude between groups (t=1.88, df=20, p>0.05). Furthermore, analysis revealed that the VOR gain of AIS patients did not differ from that of control participants, regardless of rotation direction (no main Group or Direction effect and no Group by Direction interaction: p>0.05). The performance of accurate saccades by AIS patients to memorize the targets excluded any saccadic motor deficit. This observation substantiates previous results suggesting that the network assisting the control of vestibular memory-guided saccades is different from the one governing visual memory-guided saccades (Israel et al., 1995; PierrotDeseilligny et al., 1991) . Moreover, the fact that AIS patients had normal VOR gains confirms that the vestibular system in these patients is normal. Overall, this study revealed that, compared to the controls, AIS patients underestimated the amplitude of rotations, indicating impairment of their ability to memorize and process vestibular signals. It is possible that severe spinal deformity was partly due to impaired vestibular information travelling from the cerebellum to the vestibular cortical network or alteration in the cortical www.intechopen.com mechanisms processing vestibular signals. However, these results do not allow us to make claims as to whether deficits in the cognitive processing of vestibular signals should be considered as a potential factor leading to curvature progression in scoliosis patients. Further studies may determine if this deficit and melatonin signalling dysfunction in AIS can predict curve progression in patients with small spinal deformity. 
Integration and motor responses
Vestibular information is also used to maintain posture and balance. To this end, vestibulomotor responses during head movements are sent to the postural muscles through the vestibulo-spinal and reticulo-spinal tracts.
GVS
GVS serves to manipulate vestibular sensory information (i.e., semicircular canals and otoliths) and to evoke vestibulo-motor responses. Binaural bipolar GVS stimulation is known to provoke body sway towards the anode side (Ardic et al., 2000; Marsden et al., 2003; Marsden et al., 2002) .
Do AIS patients have abnormal vestibulo-motor responses?
After the literature review presented above concerning the possible implication of sensorimotor impairments in IS, we hypothesized that AIS patients will show vestibulomotor responses along the frontal plane that differ from control values. If this hypothesis is confirmed, during and after GVS, the amplitude of postural responses of AIS patients should be different from that of the controls.
We, therefore, conducted a pilot study to verify the hypothesis. Eight AIS patients [mean Cobb's angle: 40.5° (±5.9°), mean age: 15.5 (±1.4) years, mean height: 165.5 (±9.0) cm, mean weight: 59.3 (±14.5) kg] and 8 control participants [mean age: 12.4 (±2.0) years, mean height: 158.3 (±7.1) cm, mean weight: 49.7 (±7.7) kg] were tested. Both groups underwent 15 trials www.intechopen.com that lasted 8 s. Participants had their eyes closed at all times. GVS was a step response that lasted 2 s and had an amplitude of 1 mA. GVS direction was randomized: left GVS (L-GVS) anode left and cathode right, and right GVS (R-GVS) anode right and cathode left.
To quantify lateral displacement of the body along the frontal plane, 3 electromagnetic sensors (Polhemus Liberty Model, sampling frequency 120 Hz) were located on the participants' forehead, 7 th cervical vertebra and 1 st lumbar vertebra. So far, qualitative analysis revealed that the kinematic responses of healthy controls are similar to those of adult individuals (Day et al., 1997; Marsden et al., 2003; Marsden et al., 2002; Marsden et al., 2005) . For instance, the maximum displacement of each body part (i.e., head, upper and lower trunk) along the frontal plane is less than 1 cm and is reached during GVS (Fig. 6) . It is noteworthy that control participants returned to their initial position approximately 1 s after the end of GVS.
In AIS patients, maximal lateral displacement along the frontal plane was approximately 2 times greater than in the controls (Fig. 7) . Furthermore, after GVS, AIS patients required much more time to return to their initial position and some oscillations were even observed (Fig. 7) . These results clearly show that stimulation of the vestibular apparatus in AIS patients evokes a larger kinematics response than in the controls. In addition, because AIS patients required more time than the controls to return to equilibrium after GVS cessation, this observation suggests that AIS patients have more difficulties in reweighting sensory information.
The results of this pilot study support our previous results. Using a different sensory channel (vestibular rather than vision and proprioception), we showed that the cortical mechanisms reweighting sensory information are altered in AIS patients (Simoneau et al., 2006a; Simoneau et al., 2006b ).
Conclusion
Although the aetiology of IS remains unknown, a growing body of evidence indicates that spinal deformity could be the expression of a subclinical nervous system disorder. Consequently, impairment of sensorimotor transformation may lead to abnormal postural tone and may create spinal curvature during growth.
Future research should assess whether sensory integration and motor response impairments correlate with neuroanatomical changes in the CNS.
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